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Longitudinal, transverse and surfsce acoustic wave
have been generated simultaneously by the irradiation of
a Q-switched ruby laser pulse on free a.luminiurn surface
The waveforms of the longitudinal acoustic waves enerated
with different surface conditions (writh and without sless
slide covered) and laser pulses of different energy
densities have been studied. The waveform of the surface
wave generated by a laser pulse with rectangular sxnatial
profile has been analysed. Two cualitative models are
proposed to explain the generation mechanisms of the
longitudinal and surface pulses respectively. A combination
of oath the photoacoustic experiment and the time-resolved
optical reflectivity measurement performed simultaneously
on silicon shows that the amoplitude of the photoacoustic
signal is strongly related to the reflectivity of the
spot under study. The waveform of the longitudinal pulse
generated by the irradiation of a laser pulse with energy
density above the melting threshold have been studied and
explained qualitatively. The duration of melting of
silicon is measured and a sudden change of the amplitude
of the longitudinal wave at the boiling threshold is
observed. The energy dependence of the ami litud.e of the
laser generated longitudinal, transverse and surface waves
on aluminium and silicon gives straight lines when the
laser pulse ener density is below the malting threshold.
12
Above thi energy density, the longitudinal wave on
silicon seems to saturate gradually.
The waveform of the longitudinal acoustic waves
generated by laser pulses in a weakly absorbin liluid
is also observed and explained. The pulsed laser-generate
acoustic waves in nylon 6,6 is analysed and is discvssed.
qualitatively. The velocity of longitudinal acoustic
wave in the nylon is deduced.
Chapter 1
Introduction
When a Q-switched laser pulse is irradiated on a
solid surface, part of the light energy is absorbed and
is converted into thermal energy. The thermal energy
causes a thin layer of the irradiated portion to heat
up and expand. An acoustic wave is thus generated.
This is the basic mechanism of the laser genera,ted
acoustic wave in solid. The acoustic wave can be
detected by piezoelectric transducers.
The generation of ultrasound in metals by laser
irradiation was first proposed by White (1963). Since
then, various authors have reported works involving
generation of ultrasonic waves at free metal surface,
for application to nondestructive testing (Bondarenko
et al., 1976; Bar-Cohen, 1979)? the measurement of
elastic constants (Calder and Wilcox, 1974) and the
measurement of optical absorption coefficients (Hordvik
and Schlossberg, 1977). Allan Rosencwaig and Willis (1980)
used the technicue to detect the occurrence of the
laser damage in optical thin film. However, most of
these papers make little distinction between the
various acoustic moodes.
In 1968T Lee and White described the generation of
Rayleigh (surface) wave at a metal surface by laser
irradiation, but it is only in 1979, Ledbetter and
Moulder demonstrated the simultaneous generation of
longitudinal, transverse and Rayleigh ultrasonic pulses
at an aluminium surface. In 1981, Aindow et al.
demonstrated that these types of acoustic waves can be
ea.sily genera,ted at metal surfaces by the irradiation
with unfocused laser beams of much lower laser power
densities where damage to the surface did not occur;
they also studied the relationship between acoustic
waves amplitude and the energy of the laser pulse.
However, none of these authors gave information about
the waveforms of the acoustic pulses at different laser
energy densities. Also, study on the mechanism of the
generation of the surface acoustic wave can hardly be
found in literatures.
In 1974, Fairand et al. (1974) described the
constraining layer technicue which can enhance the
laser generated acoustic waves. In 1977? von Gutfeld
and Melcher described experiment showing that enhancement
of up to 46 dB can be obtained just by constraining a
metal surface with a quartz plate. Recently, Hutchins
et al. (1981) have demonstrated that less enhancement
was found when the metal surface was constrained by
liquid layer. He further proposed qualitative models
to explain the effects of the surface modification.
However, none of them have studied the difference in
waveforms between the free surface and the constraining
surface.
After the invention of the hiah power pulsed laser,
the effect of high-power pulses of laser radiation on
material has received much attentions (Ready, 19b5;
Mazzoldi, 1980; Meyer et al., 1980).
Laser annealing has recently been widely studied
(Narayan et al., 1978; Narayan, 1979; Wilson et al.,
1979: Meyer et al., 1980; McMahon et al., 1980;
Narayan et al., 1981) for removing damage produced by
ion implantation in semiconductors and for creating
metastable solid solution in both semiconductors and
metal. For the case of CW la.ser annealing of amorphous
semiconductors, damage removal is generally believed to
occur by solid-phase epitaxial regrowth from the
underlying substrate (Olson et al., 1980). For the
case of Q-switched laser pulse, Auston et al. (1979)
demonstrated that damage removal or metastable alloy
formation occurs via melting of the near-surface
region followed by liouid-phase epitaxial regrowth from
the crystalline substrate by the time-resolved reflectivity
measurement. In 1982, Peercy and Wampler (1982) obtained
similar result by measured the temperature change with
a thermocouple attached to the side of the sample
opposite the irradiated surface. However, no experiment
has been performed to relate the laser generated acoustic
signal and the process of pulsed laser annealing in
semiconductor.
When a pulsed laser beam is incident into a weakly
absorbing liquid, a cylindrical column of the liouid
is heated up and expands. A longitudinal acoustic pulse
is then generated. The technique has been used to
measure the optics,1 absorption coefficient of a weakly
absorbing liouid (Patel and Tarn, 1981) and the acoustic
velocity in liouid (Zapka and Tarn, 1982). Recently,
Lai and Young (1982) calculated the acoustic waveform
generated by different laser spatial profile theoretically.
An incomplete cancellation of the middle part of the
longitudinal s.coustic pulse generated by a laser pulse
with rectangular spatial profile was predicted by Lai
and Young (1982) which in contrast to Patel and Tam
t
(1981) predicting a complete cancellation of the middle
part of the longitudinal acoustic pulse.
Our present experiment appears to be the first that
combines both the photoacoustic and the time-resolvedL
reflectivity experiments simultaneously. A Q-switched
ruby laser is used throughout the experiment.
The purposes of the experiment are to study the
relationships among the amplitudes of the laser-generated
acoustic pulses (longitudinal, transverse and surface
wave), the incident pulsed laser energy density and the
time-resolved reflectivity of aluminium plates and. silicon
wafers. The waveforms of laser-generated acoustic waves
at different laser energy densities a.re analysed and
explained. Our work is focused to the laser energy
densities around, the melting threshold and below the
boiling threshold. A change of the longitudinal acoustic
waveform is observed at the boiling threshold. The
longitudinal acoustic waveform generated in water is
also observed and a modified model is proposed to
explain the perturbed acoustic signal. The laser generated
longitudinal acoustic signal in nylon 6f6 is also analysed.
The velocities of different acoustic waves in different
materials are calculated from the received acoustic
signals. In chapter 2, the amplitude of the acoustic
signal of different waves is treated theoretically with
simple thermodynamic equations. It is assumed that no
damage of the surface is occurred and the a.coustic wave
is generated by thermo-elastic vibration and the volume
change during the melting of the irradiated spot. The
waveform of the surface wave generated by the irradiation
of a laser pulse with rectangular cross-section is also
predicted Qualitatively.
In chapter 3, a description of the samples and the
experimental set-ups are given.
In chapter 4, the results are pivon and discussed.
Several models are introduced to explain the acoustic
waveforms.
In chapter 5, a summary of some important results
is given.
Chapter 2
In a pulsed photoacoustic experiment, ultrasonic
wave is generated on a sample's surface by the irradiation
of a laser pulse The ultrasonic waves propagate through
a medium or media to a piezoelectric ceramic transducer,
which detects the acoustic signal.
Several mechanisms may involved in photoacoustic
wave generation:
1) Thermoelastic expansion of rapidly heated material.
2) Vaporization or ionization at the surface of the
material.
3) Nonuniform radiation intensity distribution causing
a spatially nonuniform heating of the medium.
4) Dielectric breakdown (in liquid).
5) Electrostriction (transparent media.).
2.1 Mechanism for the generation of Surface acoustic wave
The mechanism responsible for the generation of
surface acoustic wave is the motion of the ripid lateral
expansion and contraction due to laser pulse irradiation
on the sample's surface. Consider a situation as shown
in fig. 2.1a, a pulsed laser beam with uniform rectangular' J-
spatial profile (a x b) and total energy E is irradiated

















The veneration of surface wave
relative position of the irradiated
snot and detector.
the predicted waveform of the surface
wave








Let f be the optical absorption coefficient
on the samp1e surface,
f be the density of the sample,
C be the specific heat capacity,
be the linear expansivity
The increase in temperature due to the absorption
of laser pulse energy is given by
where z is the optical absorption length,
Assume the width of the pulse is so short that the
heat loss from the irradiated spot during irradiation is
negligible (i.e thermal diffusivity = 0),








Since the four sides of the irradiated spot are
bounded9 the change in distance of the two opposite
sides (with length b) of the irradiated spot due to
expansion should be equal.
If
a1 is the expansion on the side with length b,
then
The
a- is directly proportional to the amplitude
of the detected surface wave.
It is found that energy density if
a is kept constant and is kept constant.
After the laser pulse, the irradiated spot cool
gradually and contraction takes place.
In fig. 2,1a, let the edge of the irradiation spot
close to the transducer be (1) and the opposite edge be
(?). During laser heating, the irradiated area expands;
edge (T) moves towards the transducer and edge (2) moves
away from the transducer. After the pulse, the irradiate
area contracts, the motion of the edges (1) and (2) will
reverse in direction. If the distance between the edge
(D and the edge '2 is large, then the signals generate
from the two edges can be separated. The predicted signs
is sketched in fig, 2,1b, The predicted signal consists
of two cycles. The cycles are similar to each other but
180° out of phase.
2.2 Mechanism for the generation of longitudinal wave
Thermoelastic expansion is the only mechanism for
the generation of longitudinal wave when the irradiated
laser energy is below the melting threshold of the sample.
For a given sample, the optical absorption coefficient
is S; the volume expansivity is 3( d is the linear
expansivity); the density is f; the specific heat
capacity is C. Let a laser beam with cross-sectional
area A and total energy E irradiated on the sample surface.
A thin layer (thickness z0) is heated up and expands.
The temperature rise AT by the absorption of laser
energy is given by
The expansion should occurred in all directions, but
for we can assume that the total
expansion in z direction is approximately enual to AV.
Therefore
A z is proportional to the amplitude of the detected
longitudinal wave which again is proportions! to tho
incident energy density.
Hordvik and Schlossberg (1977) derived an expression
relating the elastic strain £rr generated by a laser beam
of gaussian cross section and the power P of the incident
beam. The absorbing solid was assumed to be isotropic and
-L
of infinite extent. The result is
wh ere t is the duration of the laser pulse
r is the mean radius of the beam
y is the Poisson's ratio
j° is the density
C is the heat capacity
cGis the thermal expansion coefficient
p is the optical absorption coefficient
of the sample




The difference between Hordvik and Schlossberg's
calculation and our estimation is merely a factor of.
Mechanically constrained surface
When a non-absorbing glass slide is covered on the
surface over the irradiated spot. The free surface A
becomes partly bounded,, The amplitude of the
longitudinal wave generated will be larger than that of
the free (uncovered) surface when the surface is irradiated
by a pulse of the same energy density. This is because
t
the slide will provide an impulse perpendicular to the
surface which increases the amplitude of the longitudinal
wave. At the same time, the expansion also generates an
acoustic wave on the glass slide.
von G-utfeld and Melcher (1977) found that when
transparent media such as quartz plates were used to
acoustically constrain the energy absorbing surface, an
increase of signal strength up to 46 dB over that
generated from a free surface was observed.
2.3 Mechanism for the generation of transverse wave
The transverse wave is believed to bo generated due
to the temperature gradient across the beam (Hordvik and
Schlossberg, 1977). In other words, the generation of
transverse wave is due to the non-uniformity of the spatial
profile of the pulsed laser beam. Therefore the
apoearance of the transverse wave indicate the spatial
profile of the laser beam is non-uniform. The transverse
wave is absent when the laser beam is well focused
onto the surface of the sample.
2.4 Generation of acoustic waves by pulsed laser in
weakly absorbing liquids
Lai and Young (1982) have calculated the profile
of the laser generated ultrasonic wave (fig. 2.2, 2.4)
by a pulsed laser beam of different spatial profiles in
a weakly absorbing liquid.
By neglecting thermal diffusion, ignoring optical
time delays and assuming weak absorption, the excess
pressure P generated by the irradiation of a laser pulse
with intensity I satisfies the following equation
where and
with
Fig. 2.2 The acoustic pulse generated in water
by the irradiation of a narrow laser beam





Fig. 2.3 The rectangular spatial profile treat
as a combination of narrow strips.
FIG. 2 .4 The acoustic pul.se generated in water
by the irradiation of a beam with rectangular




and o being the optical absorption coefficient, 3 the
volume expansivity, Cp the specific heat at constant
pressure, c the velocity of light in vacuum, 11 the refractive
index, X the electrostrictivc coefficient and V the
acoustical velocity.
The first term on the right hand side of eeuation (2.1)
is due to the absorption of heat and the second term is
due to electrostriction.
To solve equation (2.1), one can assume the excess
pressure P equals to PA+ PB. where PA and PB are the
excess pressure due to absorption and electrostriction,
respectively. Also, it can be shown that
where is the solution to
The general solution for any temporal profile f(t) and




with£ being the total energy in the pulse, and Vr
being the acoustic velocity.
In the case of rectangular radial profile, one-
can further deduce
with
where I and Ky are Bessel functions of imaginary
argument and pJ is the unit step function.
For exp
Incomplete cancellation is expected from Lai and
Young's solution for a wide beam( X X)• For the
rectangular beam, when t X
is maximum when
but is essentially equal to zero
At
goes to zero very slowly, (from
Equation 2.3)
and tends to zero exponentially
(from Equation 2.2),
The incomplete cancellation of the photoacoustic
signal can be explained physically. A rectangular
spatial profile can, in fact, be divided into many
narrow identical strips as shown in fig.'. 3- Each
s t r i p w ill g e n e r a t e an a. c o u s t i c s i gn al( f i g. 2.°)
with a time difference rV_ where r is the
width of each strip. By means of superposition, an
acoustic signal similar to that of fig. 2.4 is obtained.
Notice that the incomplete cancellation is due to the
difference in amplitudes and waveforms of the compression
and rarefaction pulses of the narrow beam.
Chapter 3
Experimental
3.1 S ample description
In our experiment, different samples are used
to meet different recuiremerits. A brief description
of sample characteristics is given below:
(1)In the studies of the thickness effect, several
common industrial-grade aluminium blocks, cut from
a long cylinder, with different thicknesses were
used. The two flat surfaces of each cylindrical
sample were polished with silicon carbide
waterproof abrasive papers. All samples were 76mm
in diameter. Their thicknesses were 5mm, 6mm, 7mm,
8mm, lOmrn, 20mm and 30mm, respectively. An
additional one, which was cut from different
cylinder with diameter 112mm and thickness 40mm,
was also used.
(2) For the study of the surface acoustic wave, a
rectangular aluminium block of size 36mm x 38mm x
151mm was used. One of the long surfaces on which
the surface acoustic wave was generated and
detected were polished to optically flat.
(3) For the study of the relation between the
incident laser pulse energy anc! the magnitude
of either the longitudinal wave or the transverse
wave, several different samples were used and






















































(a) one of the surfaces was polished to optically flat
milky white in colour, melting point 254°C, surfaces were well
polished to the degree that a reflected light beam was defined.
(4)A dilute potassium permanganate solution was
used as a weakly absorbing liquid in photoacoustic
experiments involving liquids. The solution was
prepared by adding a little potassium permanganstr
to distill water and then diluted it by adding
more distill water until the solution became
slightly red in colour. The actual concentration
of it was not determined.
Same experiment was also performed on a clear
glass block of size 75mm x 48mm x 19mm.
3,2 Experimeittal set-ups
In the experiment, the light source used was
a. Q-switched ruby laser. Other instruments such as
oscilloscope, photodiode, monochromator and pre¬
amplifier, etc., were also used.
3,2.1c Description of main apparatus
vi) Ruby laser
Model 211A ruby laser manufactured by Laser
Associates Limited was used throughout the experiment.
It consists of a laser head (fig 3.1) and a power
supply unit.
The laser head consists of a ruby rod, a flash
tube and a cooling system where deionised water is
REAR WINDOW











recirculating around both the laser rod. and the
flash tube. The laser head was mounted on an
optical bench. Each end of the ruby rod was
protected by a window.
The power supply unit is housed in a cabinet.
It includes a control unit, cooling unit, series-
trigger transformer, current-1imiting choice and
two capacitor units. Each capacitor unit consists
of twenty 40yrf capacitors connected in parallel.
The reflector cavity consists of a. rear total
internal, reflector (rear mirror) and a front
sapphire reflector (front mirror). The laser rod
is situated between the two mirrors (fig 3-1)•
The reflector mirrors were mounted on the same
optical bench.
The wavelength of the laser pulse was 6943 A.
In normal operation, the output energy can rea.ch
up to 30J with pulse width about 1 millisecond.
In Q-switch operation, the output energy is
kept below 2J for longer system life and better
reproducibility. We always operate the laser at
ab out 1J per pulse.
(ii) Q-switch
Two types of Q-switch aire available in our
laboratory. The dye Q-switch and the Pockel ceil
Q-switch.
(a) Dye Q-switch
The dye Q-switch, manufactured by Laser
Associates Limited, consists of a dye cell which
is placed inside the optical resonator, between
the laser rod and the rear mirror (fig 3-2),
The dye initially absorbs the laser rod fluorescent
emission to the degree that the rear mirror is
optically isolated from the remainder of the
laser cavity,, When the light intensity reaches
a critical value, the dye suddenly bleaches, and.
the laser radiation can reach the rear reflector
causing laser oscillation to occur.
The dye used in our experiment was a solution
of crytocyanine in pure ethanol. The absorption
coefficient of this liquid decreases readily with
increasing light intensity.
(b) Pocket cell Q-switch
%
The pockel cell Q-switch consists of a
Q-switch driver (model 2-015) and an Electro-
Optics Modulator (INRAD 202-150). Both are
products of the INTERACTIVE RADIATION, INC.
The model 2-015 Q-switch driver is a high
voltage supply unit for the Electro Optics
Modulator INRAD 202-150. The voltage can be
set from 0 to 7990V in intervals of 10V. During
operation, the high voltage is supplied to









PIG.3.2 A sketch of the arrangement of ulie aye ce„
Q-switched ruby laser system.





voltage occurred after a -preset delay time when the
driver is triggered either by auto (external) or
manual trigger. The delayed time can be varied
from 0 to 15999 Ms in steps of 1 yts. The fall
time of the high voltage -pulse is about 10ns.
The Electro-Optics Modulator INRAD 202-150
consists a KD p crystal. The KD P crystal shows
two different refractive indices on the xf and yf
axes when a voltage was applied parallel to the
crystal optical axis z (fig 33 b,c). The ratio
between the refractive indices of the x' and y' axes
can be varied by the applied voltage. When an
electric field is applied parallel to the crystal
optical axis z. along the optical path. The
dependence of the index of refraction on the
electric field can be described in terms of a
change in orientation and dimensions of the index
ellipsoid (fig 3-3 b,c).
In fig. 3-3 a, I0 is an incident wave
polarized in the x-direction. In the absence of
an electric field, the index ellipsoid projects
as a circle on a plane perpendicular to the optical
axis. When an electric field is applied parallel
to the crystal optical axis z; the cross section of
the ellipsoid becomes an ellipse with axis x' and
y? making a 45° angle with the x and y crystallo-
























(0) ( b) I;
F±l.-. 3 The pockel cell crystal, the index ellirsoid.
magnitude of the electric field. The lengths of
the principal axes of the ellipse o.re proportional
to the reciprocals of the indices of refraction in
these two directions. The difference between the
refractive indices An (=n J~ n?) is proportional
x y
to the applied electric field Er. The phase7j
difference of the optical wave after traveling
through the crystal is given by
where Vz is the applied voltage. Therefore, the
phase difference is directly proportional to Vz
for a given wavelength. The pockel cell is placed
between the ruby rod and rear mirror with a polarizer
in front of it (fig 34).
The sequence of operation is as follows:
During the flashiamp pulse a voltage Vn is applied
to the INRAJD 202-150 such that the linearly polarized
light passed through the polarizer is circularly
polarized. After being reflected at the rear mirror,
the radiation again passes through the electrooptic
cell and undergoes another 74 retardation,
becoming linearly polarized but at 90° to its
original direction. This radiation is rejected
from the laser cavity by the polarizer, thus
preventing optical feedback. Towards the end of
the flashlamp pulse the voltage on the cell is
switched off, permitting the polarizer-cell













i' J- G. 3.4 A sketch of the arrangement of the pocke] cell
Q-switched laser system.
vnMnstion to pass n linearly -polarized beam
i. t hunt 1 o'. Oscilltio 11 within the cavi tv wil 1
n 1 e hp, ietrn. short- del' v a 0—switch nil so
111 ho emitted from the cavity.
O Comparison between the dye Q—switch and
ckel cell Q-switch
) Output rait nyy: The output enerry of the pockel
11 C-switc}i is more stable. The nnerry
uctuation is less than 1'. The energy fluctuation
the ye- witch is about- 201.
li Pulse wi 1th: ith '-switches con aj.vc pulse
thduration of 30ns( V H M),
3) Convenience of Q—switches? The pockel cell, once
it us, can last 'or a very Ion.a time, hut the
re eel] must be emptied and re—filled frequently,
.nee the dye will bleach itself gradually even
thc- Qrrr-
Alignment of the ruby laser
be lore die. cuss iny the' 1iarm -i' r rocs dure of
he ruby laser, we must first introduce an instrument
sed in alignment. This ir the auto collimator.
Autocollimator
Our;too1 imat or was manufactured by
e.r ors Research. Cor or 1,:i on. it consists o;:
amp, pn adjustable eye—pieces a prism and a
r°nt oonverrina lens. The- vholc apparm tus












of the autocollimator was given in figure 3-5.
When the lamp is turned on, a parallel light beam
is sent out from the autocollimator. Every
optical surface will reflect part of the light
back into the autocollimator. This light is
again reflected by the prism and a spot can be
seen through the eye piece. Two optical surfaces
are said to be parallel if their reflected spots
are observed to be overlapped through the eye piece,
(b) Alignment procedure
In our laser, six spots can be seen through
the autocollimator if all surfaces are misaligned
when the autocollimator is placed in front of the
front mirror of the ruby laser. The two ends of
the ruby rod give one spot since the ends are
already parallel to each other. The front window,
rear window and rear mirror give one spot each.
The two remaining spots are due to the two surfaces
of the wedge-liked front mirror. Only the mirrors
and the windows are adjustable. The spot from the
ruby rod is used as a reference spot.
For normal operation, all windows and mirrors
are adjusted to parallel. Spots from the ruby rod,
two windows, the rear mirror and the inner surface
of the front mirror coincide with each other.
Usually the two windows sire aligned first, then
the rear mirror, and finally the front mirror.
The dye cell Q~switch was put between the
rear mirror and the laser rod (fig 3-2)„ Starting
from the well aligned condition of non Q-switched
operation,, slightly de-tune the rear window so
that the suet corresponding to the rear window
reflection was moved to a place about 1mm above
the reference snot in the auto-collimator Then
de-tune the rear mirror so that its reflected snot
moves down,; with respect to the reference snot«,
Now the rear window spot and the rear mirror spot
are symmetrically displaced from the ruby's
reference spot. Then adjust the front mirror until
its inner surface is parallel to the rear mirror.
The purpose of these de-tuning is to remove all
other optical resonators except the one formed byr
the rear mirror and the inner surface of the front
mirror since two reflecting surfaces in parallel
will form an optical resonator.' Finally adjust
the concentration of the dye (by dropping
cryutocynine to pure ethanol) until the required
pulse(s) was observed.
When the Pockel cell Q-switch is used, the
alignment of the windows and of the mirrors is
the same as when,the dye cell Q-switch is installed.
A polarizer must be placed between the Pockel cell
and the ruby rod (fig 3-4)- With the Q-switch
driver off, the polarizing angle of the polarizer
is adjusted for maximum ruby laser output. Then
turn on the Q-switch driver. Another polarizer,
with the polo.rizing angle parallel to the former one,
is placed between the rear mirror and the Pockel
cell. Send a He-Ne laser beam through the rear
mirror along the optical axis. Adjust the two
micrometers on the Pockel cell slightly until a
bull-eye pattern is seen on a paper screen inserted
in front of the ruby rod with the He-Ne laser
spot at center. Then adjust the high voltage of
the Q-switch driver, and at the same time slightly
adjust the two micrometers to keep the bull-eye
pattern fixed until the He-Ne laser spot is
completely covered by the bull eye. Turn off the
He-Ne laser and reduce the high voltage to half.
Remove the latter added polarizer (Up to this
point the ruby laser may be off, but it must be
turned on now). A very small (or even no) output
should be observed at this stage if the Q-switch
driver is on manual trigger. Change the trigger
state to !autos. Adjust the delay time of the
Q-switch driver. Fire the laser. A high pulse
energy will be obtained if the delay time is
optimum.
In our laser, the correct high voltage of
the Q-switch driver is 2600V and its delay time
is about I960 microsecond.
(iv) Laser pulse energy monitoring system
A laser pulse energy monitoring system
(fig 3-6) was used to monitor the energy of each
laser pulse. A Model 43 light meter of Laser
Associates was operated on the Tintegrated mode.
A beam splitter reflected part of the light energy
into the light meter. An integrated signal (fig 3-7),
which showed the relative energy of each pulse, was
displayed on the oscilloscope Tel equipment DM63-
(a) Laser Associates Model 43 light meter
The measurement of the absolute energy of the
laser output and the monitoring of relative laser
energy were done with the Laser Associates model 43
light meter. A circuit of the meter is shown in
Pig 3-8-
The light meter contain a fast silicon photo-
detector with rise time of 5ns and fall time 20ns.
9
The sensitive area is 0.05cm. The integrated5
time constant is 0.33s. The faverage output
impedance is 50 ohms.
In f averagef mode, the real waveform of the
laser pulse (fig.3-9? 3-10, 3-11? 3-12) can be
displayed on an oscilloscope and its peak power
can be measured.
In integrated® mode, an integrated signal
(fig. 3-7) was displayed and the total energy can
be measured from the height of the signal on the
oscilloscope.
j?iG.3.6 The laser pulse energy monitoring system. YNT' SIGNAi
INPUT
LASER ASSOCIATES
M 0 D E L_ A 3
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F1 0. 3.7 The integrated signal
of the Pockel cell Q-switched
ruby laser pulse„ The integrate
signal record by the Laser












i'XG.3.8 The circuit of the Laser Associates Model 43 light meter.
FIG. 3.9 The non 0-switched laser
pulse. An average signal of
the Laser Associates model 43
light meter
FIG. 3.1 0 The dye-cell Q—switched ruby
laser pulse An average signal of
the Laser Associates model 43 light
meter
FIG. 3.11 The effect on the ruby
laser output due to the change
of the high voltage of the
Pockel cell Q-switch driver„
The Q-switch driver is on the
manual trigger state„
FIG.3.12 The average signal oi
the Pockel cell Q—switched
ruby laser pulse.
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(b) Calibration of the light meter
We have calibra.t ed. the' integrated' mode
of the Laser Associates model 43 light meter to
measure the total energy of each pulse.
For an integrating circuit as shown in
figure 3.13, the output voltage VO can be
expressed in terms of the values of the resistors,
capacitor and supply voltage V as
(3.1)
(3.21
If Rl is the equivalent resistance of a photo-
diode at a certain light intensity, then light
power ti)
(3.3
By means of a CW He-Ne laser of known
output energy, a set of neutral density filters
and the power meter, a graph of He-Ne laser power
Vs Vn(t=) can be obtained. where
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Let us assume then k is the slope of
the experimental curve P Vs VQ. For a short
square pulse vith duration C where
Equation (3-2) becomes
where Vo? Jc-e peak voltage of the
integrated signal read from the CRO.
Hence we have
laser Power
and the pulse energy E is
Since equation 3-7 is independent of T, we can
assume that this formula is valid for all
waveforms. A small correction has been made
to the light meter since its output is wavelength
dependent. A response facter has been supplied
by the manufacturer.
c) Home-made light meter for reflection measurement
In the reflection measurement, a type BPX 65
photodiode supplied by RS Electronics was used to
monitor the light intensity. The active component
of the photodiode is a planar 1mm silicon PIN
diode housed in a T018 case hermetically scaled
with an integral plain glass window. The cathode
is electrically connected to the case. The device
features low junction capacitance, short switching
times and high frequency response. The rise time
of the photo-current (Rg= 50 fl, Vp- 20V,
X= 900nm) is typically 0.5ns. The photodiode
was connected in a circuit as shown in figure 3-14
Two 9V batteries were connected in series to
produce a 18V DC supply which is bypassed by a
50V 1000 pF capacitor. The batteries, the
photodiode and a 100 ohms resistor were connected
in series. The output was taken across the
100 ohms resistor.
The circuit was then calibrated with a 6mV
He-Ne laser similar to the calibration of Laser
Associates light meter model 43- The output
voltage was again directly proportional to the
light intensity.
( v) Optical att enia ato r
In order to keep the spatial profile of the
ruby laser pulse constant and to operate the laser









at its best condition, the flash tube pumr power
was kept constant. The laser energy was varied by
inserting neutral density filters in the light
path (fig. 3•6).
The neutral density filters used were absorption
type filters of different thickness to achieve the
various optical densities. The neutral density I)
is defined as
where Ij_ and i0 are the intensities of the
incident and transmitted beam.
Our set consists of filters of optical
densities of Ofi? 0,2, 0.3? 0.4? 1? 2, 3 and 4
(vi) Ultrasonic transducers
Several ultrasonic piezoelectric ceramici
transducers were used to detect the laser generated
acoustic waves. The transducers and their
characteristics are discribed in table 3.2.
(a) Wedge detector
A wedge detector was used to detect the
laser generated surface acoustic wave. The wedge
was made of plexiglass. Its dimension is shown in
fig. 3.15. A 5MH longitudinal wave ultrasonic
transducer was attached to the hypotenuse of the
wedge.
ABLE 3.:
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All transducers are made of piezoelectric ceramics and
supplied by Panametrics Company.
The polarity of out the output signal of all longitudinal
wave transducer were negative for compression and
positive for rarefaction.








(vii) Other electronic equipments
(a) Amplifier
In most cases, the acoustic signal was
very small (of the order of 10~ volts). In
order to detect the signal, a Princeton Applied
Research model 115 wide-hand pre-amplifier was
employed. There were two choices of input
impedance, 50 PL and 1M n„ However, in most
of our experiment, the 5 On input impedance was
used. Output impedance was 50 n, bandwidth was
from DC, to 70MHz. The maximum output was
500mV. The amplification can be set either at
xiO or xlOO. No distortion was observed if the
output signal is less than 500mV. Typical
arrangement was shown in fig. 316.
Another pre-amplifier, HEYLETT-PACKARD 8447D
was sometimes used. Its input and output
impedances were also 5011. The bandwidth was from
0. 1MHz to 1300WJHZ and the gain was 26 dB. The output
and the input signals were 180° out of phase,
(b) Oscilloscope
Two storage oscilloscopes were used in the
experiment.
A Tel equipment DM63 storage oscilloscope
was connected to the light meter to monitor the















FiG.3.16 The acoustic detector system.
A Tektronix 7633 (with 7A26, 71313, 7B53A
plug-ins) storage oscilloscope was used to display
either the signal from the ultrasonic transducer,
or the reflected light intensity variation of the
He-Ne probe laser.
3-2.2. Photoacoustic experiments on solid
When a solid sample was irradiated by a laser-
pulse, surface wave, longitudinal wave and transverse
wave were found simultaneously.
The experimental set-up for detecting longitudinal
wave and the transverse wave was shown in fig. 3°17 and
for the surface wave in figure 3-18..
(i) observation of longitudinal wave
The experimental set-up for the detection of
the longitudinal wave was shown in figure 3-1 7-
The sample was mounted on either a solid sample
holder (fig. 3-ig) or a small water tank (fig. 3-20).
The signal was detected by a longitudinal wave
transducer and was displayed on the Tektronix 7633
oscilloscope
(a) Solid sample holder
A cross section view of the solid sample
holder was shown in figure 3-19- The sample
was sandwiched by two large aluminium plates.
To obtain good acoustic coupling, silicone









3.17 The experimental arrangement for detecting
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the. 3-18 The experimental arrangement for detecting the
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FIG a on A sketch of the water tank.
transducer was pressed tightly on the sample's
back surface by another small aluminium plate
which wsc1ampd to the large pi a tes by screws,
(b) Water tank method
A sketch of the design of the brass tank
with the transducer is shown in figure 320.
The sample holder was attached to a brass
tank of size 10cm x 15cm x 15cm. Three holes,
radius 40mm, 35nim and 22mm, were ma.de at three
different faces to fit samples of different
sizes. A rubber 0-ring was attached to the
edge of each hole. The sample was then clamped
tightly by means of another aluminium plate with
a hole of similar size. Unused holes were fitted
with aluminium plates to prevent leaking. Tap
water was poured into the container until it
was almost full. A 20MHZ longitudinal transducer
(transducer no. 1) was gently lowered into water
to detect acoustic signal.
(c) Comparison between solid sample holder
and water tank method
(l) Both the longitudinal wave and the transverse
wave can be detected simultaneously with the
same longitudinal wave transducer in both the
solid sample holder and water tank method since
part of the transverse wave propagating at an angle
to the normal of the surface can he converter
into longitudinal wave when crossing the
solid-liquid interface and the solid-solid
interface.
(2) In water tank, the coupling condition between
sample and transducer could he maintained if the
experiment required fresh spot for each
irradiation.
t3) The time interval between laser pulse and
signal received could he controlled with the
water tank method.
(4) The acoustic output signal was larger when
using the solid sample holder because there
was one extra interface for reflection due to
the water layer in the water tank method,
(ii) Observation of transverse waves
The experimental set up (fig. 3-17, 3-19? 3- 20)
was the same as that of the section 3-2,2 (i).
In the water tank method, the transverse wave was
detected by the 20MHZ transducer (transducer no.l)
and was displayed on the Tektronix 7633
oscilloscope. The transverse wave could be measured
since part of the transverse wave propagating at an
angle to the normal of the sample surface can be
converted into longitudinal wave when crossing the
solid-liquid interface. The transducer must be
placed closed to the back-surface of the sample
in order to obtain a large amplitude of the
acoustic sirnl.
(iii) Observation of surface waves
A block diagram of the experimental set-up ±t
given in figure 3.1 ft.
When the solid aluminium block was illuminated
by the laser pulse, surface wave (Rayleigh wave)
was generated and travelled on the surface of the
solid block. A rectangular slit was used to block
the laser beam to obtain a rectangular spatial
profile. The 5MH,,. wedge-type detector (fig. 3-15)Zj
was used to detect the surface wave signal.
(iv) Reflection measurement
Reflection, according to Auston et al.(l979)
was a good indicator of surface melting. Therefore,
in our experiment, the photoacoustic effect was
studied together with the reflection measurement.
The reflection measuring set-up is shown in
figure 3.21.
A 5mW He-Ne probe beam was focused by a 250mm
focal length converging lens to a spot on the
sample which coincided with the spot hit by the
ruby laser pulse. The reflected He-Ne beam was
focused by another converging lens onto the
monochromator. The home-make light meter was
placed in front of the output slit to measure the
intensity of the 6328$ He-Ne laser light. The




























•PIG. 3. 21 The experimental arrangement
of the time-resolved
reflectivity measurement.
the 6328R light from the unwanted scattered
6943-S ruby laser light. The reflected light
intensity was displayed on the Tektronix 7633
storage oscilloscope.
(a) Monochromator
In the reflection measurement, a 5mW He-Ne
laser was used as a probe beam. Since the sample
7
was irradiated by a 10 W, ruby laser pulse, Band-pass
interference filters were not enough to eliminate
the scattered ruby laser pulse in the reflected
light. Therefore, a 0.3 meter G-CAMcPherson
model 218 scanning monochrome!er was used to
separate the two signals. The monochromator is
essentially a 0.3 meter, f5.3? plane grating
vacuum or atmospheric scanning monochromator.
It is designed to operate in the wavelength range
from 105o£ to 160,000.
The optical system is an unconventional two
mirrors and plane grating mount in which the
entrance and exit beams are crossed. Two
aspheric 03 meter focal length mirrors are
used to further reduce the aberrations inherent
in a fast f5.3 optical system. The resolution
is better than lS.
(v) Optical inspection of surface damage
After irradiation by a 30ns laser pulse,
the irradiated spot on the sample was observed
under a microscope.
3.2.3. Photoacoustic experiment on liauid
A block diagram of experimental arrangement
was shown in figure 3-22.
The pockel cell Q-switch was used in the
experiment. Either a diaphragm, a slit or a lens
was placed in front of the liquid cell to obtain
different spatial profile of the 30ns laser pulse,
The signal was detected by a 5MH_ longitudinalZj
transducer and was displayed on the Tektronix 763.
oscilloscope.
(i) Liauid cell
The design of the liauid cell was similar
to that of Tam and Patel (1981)- A sketch of
the cell was shown in figure 3-23-
The ceil was bored out of a stainless steel
cylinder with outside diameter 2.5cm The inside
diameter was 1.2cm. The thickness of the quartz
window was 0.88mm and the length of the ceil was
25mm. The acoustic wave was detected by a 5MHZ
longitudinal wave transducer, inserted into the
cell through a hole on the sidewalk.
杏 洛 中 文 大 學 圆 當 舱 殺 肯
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JhtG. 3,23 A sketch of the licuid cell
(ii) Experimental procedure
The aim of the experiment was to study the
waveforms of the acoustic signals generated by
the pulsed laser beams with different spatial
profiles. The liquid cell was first filled up
with distilled water with a little quantity of
KMnOa.
When a laser beam of a special cross section
is required, an aperture of the desired shape was
put very close to the liquid cell to minimize the
diffraction effect. If a very small laser beam is
required, a 250mm focal length plano-convex lens
was placed some distance away from the cell
(instead of a slit or an aperture) so that the
light beam was focused just above the transducer.
The laser light was then approximately a fine
beam of negligibly small cross section..,
.. 4 Pocugod_j21ivb .size determination by Speckle method
In some part of our experiment, the size of the
focused spot of the ruby laser was required It is
novui that when a continuous laser beam is focused
v, a groin d i' rs, a speckle pattern is formed on
a remotf sc.i een, and the speckle size is inversely
proportion' L to the size of the focused spot on the
j on c i 1:( T anne r, 1974), i.e. 5 the be11ertlxe
focus, the '.Larger the speckles. We have extended
this teclaonuG to pulsed laser. The set up is
shown in figure 3-24-
The Q-switched ruby laser pulse, was attenuated
byacomIina' Ii on of neu traldns ityii11ers, and
was focused on a piece of semi-transparent rape
by means of a piano—convex lens. A Polaroid Lype 4
film was ;0 need at a fixed, known distance from the
tape when a laser pulse was triggered, a speckle
pattern was formed on the poleroia lilm. lh.c
picture was then to be compared with a set of
reference pictures of speckle patterns coriesponding
to various known focused spot sizes, Jut.
looking at the picture, the speckle io coul
,judged to be roughly equal to one of the rfeien
set and thus the unknown focused size would be
determined. The uncertainty in this determination
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FIG.3.24 The experimental arrangement for the focused
size determination
Chapter 4
Experimental Results and Discussions
4.1 Shapes of acoustic waves generated by laser pulses
in solid
When a laser pulse is irradiated on an aluminium
sample, longitudinal, transverse and surface waves are
in general generated and detected. In our experiment,
most of our samples were in the form of a thick
cylindrical disk and the transducer was a 5-MHz
longitudinal type transducer. The waveform of the
direct longitudinal pulse was roughly independent of
the disk thickness. A transverse pulse was also detected
by the same longitudinal wave transducer (fig. 4.1).
However, when the laser pulse was well focused to the
surface of the sample, the transverse wave was not
detected.
Since both longitudinal and transverse waves were
detected by the same longitudinal wave transducer, an
overlapping of these pulses would occur if the sample was
too thin. Also, at the boundary surfaces, reflections and
mode conversions make the pattern of the received pulses
very complex especially for a thin sample.
I longitudinal reflected
put so between the front and






d i re c t sh e ar (t r a n s v era e)
pulse
FIG I.] A typical acoustic signal
of an aluminium block. Sample
thickness y 10mm, and diameter,
76.2mm.
4.1.1 Longitudinal wave
Below the meltina threshold
Fig. 4.2 shows a typical longitudinal pulse generated
by the irradiation of an unfocused low energy laser beam
of rectangular spatial profile on a 30mm thick aluminium
block. The waveform of the longitudinal pulse consists
of a small valley, followed by a large crest, and then a
small valley. That is, the pulse first comes with a small
compression, then a large rarefaction, and finally a small
compression again. A model is introduced to explain the
waveform of the laser produced longitudinal wave generated
on a free solid surface.
Model to explain the waveform of the longitudinal pulse
When a laser pulse with finite cross-sectional area
irradiates on a surface of a sample, a thin layer on the
surface within the irradiated spot is heated up. Several
assumptions are made:
(l) The square root of the cross-sectional area of the
irradiated spot is much much larger than the thickness of
the thin layer.
(2) The incident energy density is below the melting threshold.
(3) A uniform spatial profile of the laser beam is assumed.
During the laser pulse irradiation (fig. 4.3a), a
thin layer of the sample is heated up and hence expands.
FIG. 4.2 A typical longitudinal
pulse of aluminium flock.
Sample thickness, 30mm; ampli-
fication, 100. Notation: (1)
rarefaction(crast); (2) compress¬



























(b) CFTER THE PULSE
C)SIGNAL FBOMINNER SURFACE A
& OUTER SURFACE B
(d)RESULTSNG SIGNAL
FIG.4.3 Longitudinal pulse generate from free metal surface
EXPANSION
Since the inner surface A is bounded and the outer surface
B is free (fig. 4.3a), the heated layer expands in the
outward (~z) direction (i.e. surface B moves out). The
expansion generates a rarefaction pulse emitted from
surface B. During the expansion, an inward momentum (in
z-direction) is acting at the surface A. The momentum
results in a compressional pulse generated from the
surface A. The magnitude of the compressional pulse
depends on the rate of expansion of the thin layer. Both
the compression (from the inner surface A) and rarefaction
(from the outer surface B) pulses are generated at the
same time, but the compressional pulse is detected
first, alter a time interval eauals to that reauires
for a longitudinal wave to travel through the thickness
of the thin layer, the rarefaction signal arrives.
After the laser pulse, the layer cools down and
contracts (fig. 4.3b). The contraction generates a
compressional wave emitted from surface B. The contraction
also generates an outward momentum (negative z-direction)
on surface A. This momentum, corresponds to a rarefaction
signal. The resulting signal (fig. 4.3d) detected by
the transducer is the superposition of the signals
generated from surfaces A and B (fig. 4.3c). Usually
the amplitude of the pulses from surface A and from
surface B are difference.
At the bolling threshold
Fig. 4.4a,b,c are a series of photographs showed
the difference in the waveforms of the longitudinal pulses
of a 99£, 2mm thick aluminium plate detected by the 20-MHz
transducer using the small water tank with different
incident energies. The incident energy densities were
0.72 Jcnf~, 2.61 Jcm£ and 2.96 jcm (the boiling
threshold) for fig. 4-4 a,b?c respectively. A sudden
bend (1) was observed in fig. 4.4b and a drop (2) appeared
just before the sharp rise in fig. 4.4c. We believe that
the bend (l) (fig. 4.4b) and the drop (2) (fig. 4.4c) are
due to the recoiling mementa of the ejected particles
when the part of the surface was evaporated.
At incident energy densities above the boiling -t-.h-rpghrn d
Fig. 4.4d shows a typical longitudinal pulse detected
by a 5-MHz longitudinal transducer. The incident energy
density (approximately 7 Jcm) was very much above the
boiling threshold. The waveform of the longitudinal pulse
changed to a large compression followed by a relatively
small rarefaction. The amplitude (peak to peak voltage)
is increased abruptly by a factor of 4. The increase
in acoustic amplitude is mainly come from the momenta of
the ejected particles from the surface when the surface
is damaged by the laser pulse. The drop (2) (fig. 4.4c)
moves towards the beginning of the longitudinal pulse
















FIG.4.4 The relation between the waveform of the long-
itudinal pulse and incident energy density.
Sample: 2mm thick 99% aluminium plate. Acoustic
pulse amplification: (a), (b) and (c) are 10; (d)
is 0. Incident ener density: (a) 0.72, (b)
2.61, (c) 2.96 and (d) 7 J/cm2.
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Above the boiling threshold, the signal ^ra.s not
reproducible. Fig. 4.5 shows 2 waveforms of the
longitudinal pulses from two successive irradiations on,
the same spot with the same incident energy denJities.
Fig. 4.5a shows the acoustic waveform of the first shot.
After the first shot, a small hole was formed on the
irradiated spot since the laser beam was very well
focused. Fig. 4.5b shows the acoustic waveform for the
second shot under identical condition. The surface was
already damaged, therefore the focused condition :-Jas
poor and the amplitude of the acoustic signal reduced.
Incident energy density Below the melting threslaold and the
surface is covered by a thin glass slide
Fig. 4.6b shows a longitudinal pulse (no amplification)
generated on a glass-covered surface by the irradiation
with a low energy laser pulse. The thickness of the
glass slide is 0.88mm. The acoustic signal was generated
at the solid-glass interface and the first reflected pulse
from the outer surface of the glass slide is also observed
(fig. 4.6b). The lower trace of fig 4.6a shows a
longitudinal pulse (amplification 100 times) obtained by
the irradiation on a uncovered surface under identical
condition. The gain by covered the surface with a thin
glass slide is found to be 55 dB approximately.
(a
! hi
PIG. 4.5 The non-renroducible of the acoustic signal
when irradiated by laser nulses with the seme
energy density which is well above the
boiling threshold. (a) the acoustic signal
of the first irradiation, (b) the acoustic
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FIG. 4.6 The effect on the longitudinal
pulse due to covering the irradiated
surface with a 0.88mm glass slide.
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To explain the enhancement of the signal consider
the arrangement shown in fig. 4.7. The longitudinal pulse
is generated at the solid--glass interface during the 1aser
irradiation. During laser heatingg, the heated layer
expands uniform in both the positive (inner surface) and
negative z--directions (outer surface). Therefore the
transducer detects a compression (generate from the inner
surface A) and then a rarefaction, (generate from the outer
surface B) with the same magnitude as the compression
(fig. 4.6b). As the layer expands, surface B moves out
the constrained glass slide becomes an obstacle for the
expansion. Therefore an impulse is acting into the sample
which enhance the compressional signal at a slightly later
time. At the same time, an equal impulse is also acting
into the glass slide. Therefore an longitudinal signal
is generated inside the slide i,YThich will subsequently be
reflected back and detected by the transducer (fig. 4.6b).
Since the compressional wave is reflected by an acoustically
less dense medium (air), a phase change of 180 degrees
occurs and is shown clearly in fig. 4.6(b).
4.1.2 Transverse wave
Transverse wave can be detected by a longitudinal
wave transducer when the'sample was either hold in direct
contact with the sample or coupled through water (water










Mechanism of the generation of longitudinal wave
101 a glass covered surface
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both the solid-liciuid boundary and the solid-solid
boundary. The signal is identified as a transverse
wave because the velocity of the observed signr l was the
same as that of a transverse wave in that material. The
generation of the transverse wave indicated that the
spatial profile of the laser pulse was non-uniform.
When the laser beam was well focused, the non-uniformity
of the spatial profile destroyed (since the cross-sectional
area of the irradiated spot was zero). Therefore no
direct transverse wave was detected.
Since the amplitude of the transverse wave is
usually much smaller than that of the longitudinal wave,
its waveform is easily affected by spurious signals.
Therefore we have not studied the shape of the transverse
wave
4.1.3 Surface wave
Surface wave can only travel on a sample with thickness
a few times of the wavelength of the surface wave. In the
experiment, a laser beam with rectangular spatial profile
was used. The surface wave generated by a laser pulse of
30 ns duration is a pulse consisted of two cycles. The
first cycle is generated from the edge of the irradiated
spot which is near the detector while the last cycle is
from the far edge. The later cycle had to travel through
the laser heated region before detected by the transducer.
Fig. 4.8 shows four wave forins o f the surfac e wa-ve s
generated by the irradiations of the laser beams with
different dimensions of the rectangular cross-sections.
The time interval between the two cycles increased as
the width of the rectangular cross-section increased, The
time interval between the starting points of the two
cycles is ecual to the time for a surface wave to travel
across the width of the rectangular cross section of the
laser pulse,, The two cycles of the surface pulse are
similar in shape but they were 180° out of phase (fig,
48 b,c). When the surface of the sample was covered by
a glass slide, the observed signal dispersed and its
peak to peak amplitude reduced as compared to that of the
uncovered surface. Fig. 4.9 shows a surface pr.lse when
a glass slide with thickness 0.88mm was situated on the
surface between the irradiated spot and the transducer.
Similar waveform was also observed when the slide covered
the irradiated spot. Fig, 4.10 shows 3 traces of the
surface wave pulses generated by the laser pulse with a
crack on the sample surface at different locations
relative to the irradiated area. Distortions of the
waveforms due to reflection of the surface waves by the
crack were observed.
4.1.4 Acoustic signal pattern of the nylon 6,6
Fig. 4-lib shows a trace of the acoustic signal





























FIG. U• 8 Photographs of several waveforms of surface
pulses of aluminium that were generated by. laser
pulses with different rectangular spatial profile.
FIG.49 dhe dispersive waveform of the surface pulse
after the surface pulse travel through a glass-





FIG. 1.1Q The distortion of the surface pulses.
Each surface pulse is generated by the lasei




















FIG. U- Illustration of the formation of the three
acoustic pulses when laser irradiated on the nylon 6,6.
Remarks: The pulse a is the one which is generated
at the surface of the transducer and reflected from
the rear surface of the nylon 6,6« The pulse b is
a direct longitudinal pulse which is generated at
the front surface of the nylon 66. The pulse c is
the one which is generated at the surface of the tran¬
sducer and reflected from the front surface of the
lon 6,6.
transducer( fig. 4.11a) with water as the couplant
using the water tank system described in chapter 3- The
pulse (a) is found to be a signal generated at the
transducer surface and reflected by the rear surface
of the sample. The pulse(b) was generated at the
sample's surface, traveling through the sample and water
and detected by the transducer. The pulse(c) was a signal
generated at the surface of the transducer and reflected
at the front surface of the sample. Note that pulse (a)
and (c) are 180 degrees out of phase which in agreement
with our explanation because pulse (a) does not have a
phase change during reflection, while pulse (c) suffers
a 180 degrees phase change in reflection. Transverse
wave cannot be detected in this case because the
attenuation of the transverse wave is very large in nylon
at room temperature.
4. 2 Velocities of acoustic wave-
The velocities of the longitudinal, transverse and
surface waves were determined in the experiment. A
comparison between the acoustic velocities found in
the experiment and the velocities obtained from other
sources are listed in table 4-1. The velocity is
determined mainly by dividing the thickness (d) of the
sample by the transit time (At) of the acoustic wave.
TabLE 4.1
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Datas from Handbook of Chemistry and Physics
53rd Edition 1972-73, CRC Press.
For the surface wave velocity, the transit time
(At) is the time interval between the two cycles in
the same pulse and d is the width of the laser beam.
The error of the velocity measurement is approximately
5%
Ledbetter and Moulder (3-979) had found the velocities
of the laser generated ultrasonic waves of aluminium
experimentally and the results are listed in Table 41.
The velocity of the longitudinal wave in the glass
slide was also calculated from the informations obtained
in fig. 46b. The thickness of the glass slide was 0,88mm
and the time A t for the longitudinal pulse travel twice
the thickness of the glass slide was 0.33 As. Therefore,
the velocity of the longitudinal wave in the glass slide
was
4.3 Dependence of amplitude of acoustic waves on laser
pulse energy
For the measurement of the relation between the
amplitude Of the laser generated acoustic wave and
the laser energy density, the sample (except
for the surface wave sample) was mounted on the small
water tank. The sample was irradiated by a laser pulse
(30 ns Fw'HM) with rectangular spatial profile. The
acoustic signal was detected by a 20-MHz longitudinal
wave transducer. Fig, 3-17 shows the experimental
arrangement for detecting both the longitudinal and
transverse waves.
For the surface wave, a 5-MHz wedge type detector(fig«3-15)
was mounted on a smooth surface of a rectangular cross section
aluminium cylinder. The smooth surface was irradiated
by a laser pulse with rectangular spatial profile. Fig.
3-18 shows the experimental set-up for detecting surface
wave,
4-3-1 Aluminium
A 2mm thick 99aluminium plate was used as the sample
for both the studies of the longitudinal and transverse waves
1 ongitudinal wave
A typical longitudinal pulse was shown in fig. 4-4a,
The peak to peak voltage of the longitudinal pulse
is plotted as a function of the incident energy
density and is shown in fig. 4.12(a). The reflectivity of
the sample surface was also monitored The relative reflection
magnitude of a He-Ne probe beam after each irradiation
is plotted as a function of the incident energy as shown
in fig. 4.12(b). To ensure correct results are
obtained, the energy dependence measurement had been
studied in three different ways, namely,
LASER ENERGY DENSITY(J/cm2)
Fig. 4.12 (a) The energy dependence of the ongitudinal
wave and (b) the reflectivity of aluminium.
Sample: 2mm thick 99% aluminium plate.
(1) the laser pulses always irradiated on the same spot.
The incident energy density was increased in steps. The
time-resolved reflectivity was measured simultaneously;
(2) the irradiated spot was first completely damaged
by several irradiations with the maximum available
energy densities. Then the experiment was performed;
and
(3) one location was used for one laser energy density
only. A new snot was used for another laser energy
density„
The results of these different measurements are:
(l) At energy densities below the melting threshold, the
magnitude of the reflected probe beam did not change, and
the amplitude of the longitudinal pulse was increased
linearly with the incident energy density. At about
0.3 jcm, the reflected light showed a sudden drop in
intensity; the amplitude of the corresponding longitudinal
pulse increased drastically and a white mark
was formed on the surface of the sample within the
irradiated spot. The white mark, when observed under
microscope, consists of many melted spots (fig. 4.13).
By further increased of the incident energy density, no
sudden drop of the reflected probe beam intensity was
observed: the amplitude of the longitudinal pulse was
2
increased linearly. At about 3 j/cm, a very large drop
FIG-. 4,13 The damage on the aluminium
surface after the irradiation
of laser pulse at the foiling
threshold as seen under microscope
(xlOO).
in the reflected light intensity was observed; the
waveform of the corresponding longitudinal pulse showed
a sudden cha.nge and a visible damage was observed on the
surface. The drop in reflected light intensity was
mainly due to the scattering of the light by the damage
surface. Therefore the energy density 3 J/cm2 is
identified as the boiling threshold (damage threshold).
(2) is nearly the same as (l) above.
(3) At incident energy densities below 0.3 J/cm2, the
amplitude of the longitudinal pulse increased linearly
with the incident energy density and was quite reproducible.
At energy densities above 0.3 J/cm2, the amplitude of the
longitudinal pulse was especially large for the first
irradiation, then the amplitude of the signal approached
to a constant for the second and latter irradiations. A
white mark was formed on the surface for the first
irradiation. The number of the small melted spots
within the irradiated spot increased as the incident
energy density increased. The same boiling threshold
was obtained.
Transverse wave
A typical signal of the transverse pulse is shown in
fig. 4.1. The amplitude of the transverse pulseplotted as
a function of the incident energy density, is shown in
fig. 4A14. In general, a linear relation was also found
between the amplitude of the transverse wave and the incident
energy density below the boiling threshold.
LASER ENERGY DENSITY (J/cm2)
FIG. 4.14 The energy dependence of the amplitude of
the transverse wave ein aluminium (2mm thick,
99%).
Surfece wave
A typical waveform of the surface ru].se is shown in
fig. 4.8c. In the experiment, the amplitudes of the first
and the last cycle of the surface wave were measured and
were plotted as a function of the incident energy density
in fig. 4.3-5. A bend is observed at 0.3 Jcm. The bend
corresponds to the first formation of the white marie and
the sudden drop in the intensity of the reflected probe
beam (fig.4»12b)c A linear relation between energy density
and the amplitude of the surface wave.is found below 03 JcmA.
Aindow et al. (1981) obtained the linear relation
of energy dependence for both the longitudinal wave and
the transverse wave at low incident- energy by a Q—swched Nd:
YAG laser. Peercy and Wampler (1982) used a Q-switched
ruby laser irradiated on a single crystal of aluminium,
and measured the temperature as a function of incident
laser energy density. A discontinuity was observed art
3.5 J/cm2 and the energy density was identified as the
bailing threshold. Mazzoldi et al. (1980) suggested that
when a poly-crystalline aluminium was irradiated by a
Q-switched ruby laser pulse, the melting and the boiling
thresholds would be about 1 JcnA and 3.5 J/cm2
respectively. As in chapter 2, a linear relation between
the amplitude of the acoustic pulse and the incident





FIG. 4.15 The energy dependence of surface
wave on ealuminium.
In general, for aluminium, the pholoo.cousfio si;(yja.
was not sensitive to the melting: threshold but vps
sEASIUTIVE TO THE BOILING THPRSHOLD
4-3-2 Silico:
Some typical photoacoustic signals for the N(100)
(N means N type, numbers inside bracket are Miller indices
silicon wafers ire shown in fig. 4.16. The amplitude of
the longitudinal wave was plotted as a function of
incident energy density.
The energy dependence of the longitudinal pulse
was obtained in three different manners in order to
ensure the reliability of the data:
(1) a single spot was irradiated by the 1aser pulses
from very low energy density to an energy density past
below the boiling threshold;
(2) the same spot S was irradiated with energy density
from just below the boiling threshold to an energy
density below the melting threshold;
(3) one snot was used for one laser energy density only.
. The energy dependence of the longitudinal wave obtained
to all the above three manners were the same. Fig. 4.17,
4.18 and 4.19 show the energy dependences of longitudinal
waves of the P(100), N(100), and P(lll) silicon wafers
resnectively. For the P(100) (fig. 4.17) and N(100)










FIG.4.16 Photographs showing the change in
waveforms of the longitudinal wave
of a N(100) silicon wafer forgvarious
energy densities from 0.6J/cm2 (the first
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FIG.4.17 Energy dependence of (a) longitudinal
wave and (b) time resolved reflectivity
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FIG.4.18 Energy dependence of (a) longitudinal
wave and (b) time-r solved reflectivity
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FIG.4.19 Energy dependence of (a) longitudinal
' wave and (b) time-resolved reflectivity










longitudinal pulse increases almost linearly with the
incident energy density when the energy density is
below 0.6 J/cm2. At higher energy densities the
amplitude of the longitudinal pulse becomes saturated.
However, at about 0.75 Jcnh, a sudden jump of
amplitude occurs. The slope of the curve remains
zero at higher energy densities after the juror).
For a still higher energy density, the slope
changes to negative until the boiling threshold (1.8 Jcm)
is reached. At the energy density 1.8 J/cm2, a damage on
the surface was observed (fig. 4.20), a change on the
waveform of the longitudinal pulse similar to that of
aluminium was also detected. The energy dependence of
p(lll) silicon (fig. 4.19) wafer shows all similar
features., the first bending appears at 0.45 Jcm; the
sudden jump at approximately 0.75 Jcm and the boiling
threshold was at 1.5 J/cm2 approximately.
Peercy and Wampler (1982) irradiated a crystalline
silicon by a Q-switched ruby laser, by measured the
increase in temperature as a function of incident energy
density. The melting threshold was found to be 0.8 JcitT„
From fig. 4.17 to 4.19, the melt begin at the first bend
(0.6 J/cm2 for P(100) and N(100) silicon wafers and
0.45 J/cm2 for the p(lll) silicon wafer). The sudden jump
in amplitude of the acoustic wave (075 J/cm2 was closed
to the melting threshold of Peercy and Wampler (1982).,
FIG.4.20 Damage on the silicon wafer
surface at the boiling threshold
as seen under microscope
(x200).
Pig. 4 -16 shows a series of longitudinal signals of
the N(100) sill con wafer generated by the irradiations of
laser -pulses with energy densities above that of the first
bend (0.6 Jcm). The energy density of the incident
laser pulse: is increased from fig. 4.l6(a)to fig.
4.16(d). It is found that the magnitude of the valley
(compression) remains nearly constant; and the decrease in
amplitude is come from the decrease in the crest (rarefaction) only
In silicon, each tetravalent silicon atom is bound
to its four nearest neighbours, which are identical atoms
disposed tetrahedrally around it. This loose structure
with the coordination number 4 d.oes, in fact, become
denser upon melting and the short-range order gives a
higher number of neighbours for each atom. The coordination
number of silicon change from 4 to 8 on melting. The
increase of coordination number is accompanied ~by a
transition from semiconducting to metallic properties
i
and a change from the valence to the metallic type of bond.
Such a transition also leads to an increase of density
upon melting (i.e. a decrease in volume upon melting)
(IOFPE, I960; Helmut P. Wolf, 1971).
From our explanation of the uncovered surface (Section
4.1.1) a decrease in magnitude of rarefaction of the
longitudinal pulse is predicted since silicon
decreases in volume upon melting. The uncharge in
magnitude of compression is due to the fa.ct that
there is on average no change of the rate of
expansion. The added energy is used as the latent heat
of fusion so that the temperature remains constant above the
melting threshold. Therefore the slope of the energy—dependent
curve is predicted to be negative for incident energy
density above the melting threshold from our model
At the boiling threshold, the waveform of the
longitudinal pulse shows a sudden change similar to that
of aluminium (fig. 4.4c). Fig. 4.16d, 4.21a and 4»22a
show the acoustic signals of the N(100), P(100) and
P(lll) silicon wafers; a very large valley (compression)
aprears in the position of the crest (rarefaction)
at low incident energy density while the large compression
is mainly due to the recoiling momenta of the ejected
particles.
No observable change on the irradiated spot was seen
under microscope for the incident energy density of the
laser pulses below the boiling threshold. At boiling
threshold, an observable damage on the surface within
the irradiated spot was seen (fig. 42.0). The damage area
consists of some shrinkages which indicate that the
irradiated area has melted before.
The pulsed photoacoustic measurement is
sensitive to both the melting and boiling threshold of
silicon. The energy densities of the thresholds are
independent of the type of doping but depends on the







FIG-. 4.21 The acoustic signal and the correspondin
time-resolved reflectivity signal of the
P(100) Si wafer at the boiling threshold
Mark (1): the original compression,







PIG.4„22 The acoustic signal and the corresponding
time-resolved reflectivity signal of the
P(lll) Si wafer at the foiling threshold.
Mark (l): the original compression; mark
(2); a new pulse appeared due to the damage
of the surface0
4.3-3 Nylon 6,
The reflectivity of the nylon 6,6 was very low
(less than 10$ of that of the aluminium) hut the
transmission (for ruby light) was suite high and the
attenua.tion of the acoustic energy due to absorption was
very high. Therefore at lowr incident energy density (below
0.8 jcm), no acoustic signal generated on the sample's
2
surface was detected. At and above 0.8 J/cm2, an
acoustic pulse (generated at the sample surface) was
detected. No visible damage is observed on the irradiated
snot under microscope for low incident energy densities.
For high incident energy density, say, 2 Jcm, some
small dark spots were formed within the irradiated spot
on and below the surface. Fig. 4«2 3 shows the dark
spots observed under microscope and fig. 4-24 shows a
typical acoustic signal which indicates that some acoustic
pulses were generated at a small depth below the surface
of the sample corresponding to the formation of the
dark spots. After the formation of the dark spots,
an acoustic signal was observed even at very low incident
energy density, say, 0.05 Jcm, since the dark spots
increased the absorptivity of the light energy.
Yhen a fresh surface of nylon 6,6 was covered with
a 0,88 mm thick glass slide, still no acoustic wave was
observed by the irradiation of laser pulse with energy
density below 0.8 Jcm. This indicates that the expansion
of the surface layer was insignificant during laser irradiation.
PIG-.4.23 The surface of the nylon 676 after irradiatec
by a laser pulse with a high energy density
as seen under microscooe (xdO).
1 2 3
S
FIG.4.24 Photograph of the acoustic pulses generated
from the nylon 6, 6 indicating that acoustic
pulse may generate at a depth below the surface
of nylon 6,6, Marks (1) (2) are the signals
generated at a depth below the front surface
of the sample; (lf) (2?) are the corresponding
reflections from the front surface: (3) is the
acoustic pulse generated at the front surface;
(4) is the pulse reflected from the front
surface of the sample but generated at the
surface of the transducer.
4.4 Dependence of the optical reflectivity of silico
Pig. 4.25 (corresponding acoustic signal shown in fig.
4.16) shows severs,! signals of the time-resolved
reflectivities of the N(100) silicon wafer and of
different incident energy densities. The time-resolved
reflectivity for the P(100), N(100) and P(lll) silicon
wafers were measured. The durations of melting are
plotted as a function of incident energy density and
are shown in fig. 4.171? 4.l8b and 4.191 together with
the corresponding energy dependence of the acoustic
signal for easy comparison. It was found that the melt
began at the energy density corresponding to the first
bending of the curve of the energy dependence of the
longitudinal wave. The melt duration and the
recrystabilization duration are increased as the incident
energy density increased. At the boiling threshold, the
time-resolved reflectivity shows a small rise followed by
a large drop due to the scattering of'the probe beam on
the damage of the surface of the sample by the laser
irradiation. Fig. 4.25d, 4.21b and 4.22b show the
signals of the time-resolved reflectivities of N(100),
P(100) and P(lll) at the boiling threshold. The
corresponding acoustic signals are shown fig. 4.16d,
4.21a and 4.22a, respectively.
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FIG. 4.25 The signals of the time-resolved reflectivity
at different incident energy densities of
N(100) Si wafer, (corresponding acoustic
signals are shown in fig 4.16).
Auston et al. (1979) performed the time-resolved
reflectivity measurement as a function of incident
Q-switched laser energy on unimplanted and arsenic-
implanted silicon and found that the melt begen at
p p
0,2 Jcm and 0,33 Jcirf~ for arsenic-implanted and
unimplanted silicon at 5 30 nrn respectively. The
p
corresponding thresholds at 1060 nm are 3-6 Jcm and
p
6 Jcm for arsenic-implanted and unimplanted silicon,
respectively.
45 Photoacoustic effect in liauid- mi I ii in Tni-~ ii~ i n ~iii— bhw
The liouid used in the experiment was water with
a small amount of potassium permanganate. The liauid
was put into a stainless steel liauid cell and was
irradiated by ruby laser pulse with spatial profiles
either rectangular or a very samll spot. The acoustic
signal was detected by the 5-MH longitudinal transducer.
The experimental arrangement is shown in fig. 3-22
The photoacoustic signal generated by the irradiation
of the pulsed laser with rectangular spatial profile is
shown in fig. 4.26. The time duration (t) between the
starting points of the front and back cycles of the
pulse is approximately ecual to the time reouired for
a longitudinal wave to travel across the width (d) of
the rectangular cross section of the laser beam (fig. 4.26).
Therefore the velocity of the longitudinal wave in water is
eaual to dt. The calculated velocity is listed in table 4-1-
FIG. 4.26 The waveform of the acoustic pulse generated in
water by a laser pulse with rectangular spatial profile.
! IGG+-27 The waveform of the acoustic pulse generated in
glass block by a laser pulse with rectangular suatial
profile.
the exper iment wn,s also carried ou.i by a nnrrow
beam which was formed by focusing the laser beam with
a 200 mm focal length converging lens. The waveform of
the detected acoustic pulse generated by the irradiation
of a narrow beam depends on the relative position between
the transducer and the focused spot. In fig. 4.28, a
sketch shows the waveforms of the acoustic signals for
different focused positions. Fig. 4.29 shows two waveforms
of the acoustic pulse detected at two different
positions. When the focused spot is in front of the
transducer, a long tail is observed at the end of the
acoustic pulse (fig. 4.28a). When the focused spot is
behind the transducer, a slow rise of the compressional
force at the beginning of the pulse is observed (fig. 4.28c)
When the focused spot is directly above the transducer,
the photoacoustic pulse consists one cycle with equal
magnitudes of rarefaction and compression (symmetric
cycle) (fig. 4.28 b).
Lai and Young (1982) had predicted the waveforms
of the pulsed photoacoustic signal of a. narrow beam and
of a beam with rectangular spatial profile theoretically.
Several differences are found between Lai and Young's
predictions and our experimental results. For the
narrow beam, our result showed that the photoacoustic
signal was a symmetric cyc3.e (fig. 4.29 a) while Lai
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FIG.4-29 The waveforms of the acoustic pulses in
water generated toy the narrow beams irradiation
with the detector situated at
a. well focused position,
toe before the focused spot.
compression and then a small rarefaction with a long
recovery time (fig. 2.2),
For a beam with rectangular cross-section, the main
difference between the Lai and Young's prediction and
our result was the cancellation effect between the
rarefaction and compression. In the experiment, a
signal with complete cancellation was observed (fig. 4.26).
However, Lai and Young predicted that incomplete
cancellation should take place„J
In the experiment, some perturbations was found in
the received acoustic pulse (fig. 4.26) generated by a
laser beam with rectangular spatial profile: a small
rarefaction was found at the end of the lsrge compression
and a small compression was found at the beginning of the
large rarefaction.
The perturbations of the acoustic pulse can be
explained qualitatively. Assume the waveform of the
acoustic pulse generated by a narrow beam is a symmetric
cycle (fig. 4.29 a). A laser beam with a uniform
rectangular spatial profile can be regarded as a
composition of many narrow beams, by means of superposition,
the waveform of the acoustic pulse generated by a laser
beam with uniform rectangular spatial profile would
be a compression, followed by nothing, and a
rarefaction later (fig. 4.30 b). The amplitude of the




















FIG.430 Model to explain the small perturbations of
the acoustic signal generated in water by the irra¬
diation of a laser pulse with rectangular spatial
profile.
diffract ion, the beam becomes more intense at the four
edges (fig. 4-30 a) after passing through a rectangular
slit. This spatial profile (one dimension) can be
resolved into two components: (1) a uniform rectangular
spatial profile and (2) two narrow beams on the tvo
edges. The final signal (fig. 4.30 a) is a superposition
of the signals of the two components (fig. 4.30 b c).
The same experiment was performed on a glass block.
The waveform of the photoacoustic signal generated by
a laser pulse with rectangular spatial profile is shown
in fig. 4.27. The velocity of the longitudinal wave in
the glass block was found to be 5 o 92 mm yes experimentally
The perturbations are not as clear as in water.
Chapter 5
Conclusion
When a sample is irradiated by a laser pulse, a
surface wave, a longitudinal wave and a transverse wave
are generated at the irradiated spot simultaneously. The
longitudinal and transverse wave can be detected at the
opposite face of the sample by a longitudinal wave
transducer. The transverse wave is detected because
a mode-conversion takes place when the transverse wave
is incident at an angle normal to the back surface
provided that the transducer has a fairly large detecting
area. For a thick sample, the different pulses and
echos can be clearly separated. For a thin sample, the
received signal is a mixture of direct and reflected
waves. From the received signal and the sample's
thickness, the velocities of both longitudinal and
transverse waves are deduced.
The surface wave can only travel on the surface of
a sample with thickness at least a few times larger than
the wavelength of the surface wave. The surface wave can
be detected with a wedge-type transducer which is attached
to the sample's surface adjacent to the irradiated spot.
The waveform of the surface wave that is generated by a
laser pulse with a rectangular spatial profile consists
of two cycles. Each cycle is generated from an edge of
the irradiated spot which is perpendicular to the line
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joining the irradiated spot and. the wedge detector. Tho
velocity of the surface Wave across the irradiated spot
deduced from the waveform of the surface wave and the
lateral dimensions of the spot.
A comparison between the velocities of the acoustic
waves obtained from the experiment are in good agreement
with those obtained in the literature.
A large increase in the amplitude of the laser
generated longitudinal wave occurs when the surface of the
irradiated spot is covered with a, glass slide. This is
consistent with the finding of other workers. The slide
provides a constrain on the sample surface which enhance
the expansion of the sample in the direction of the laser
beam. The energy dependencies of the laser generated
acoustic waves of aluminium and silicon are measured.
For energy densities of the laser pulse below the boiling
threshold, the amplitudes of the longitudinal, transverse
and surface pulses are proportional to the laser energy
density. The linear relationships of the longitudinal
and surface waves for the incident energy density below
the melting threshold are predicted with a simple model..
Aindow et al. (1981) obtained the same linear relationships
for the longitudinal and transverse waves. The boiling
threshold is found to be 3 J/cm2 for aluminium in the
experiment which is very close to the value of 3.5 J/cm2
obtained by Peercy and Wampler (1982) and Mazzoldi et al.
(1980).
For the silicon wafer, the photoacoustic experiment
is also performed together with the time-reso'lved
reflectivity measurement. As far as we know, this is
the first experiment which combines the photoacoustic
experiment and the time-resolved reflectivity measurement.
For the laser energy densities below the melting threshold,
the amplitude of the longitudinal wave is proportional
to the incident laser energy density. For the laser
energy densities above the melting threshold but below the
boiling threshold, the amplitudes of the longitudinal
wave is proportional to the incident laser energy density.
For the laser energy densities above the melting threshold
but below the boiling threshold, the amplitudes of the
longitudinal waves remain almost constant with the increase
in the laser energy densities, A bend occurs at the melting
threshold in the energy dependent curve of the longitudinal
wave of the silicon wafer. The melting threshold is found
to toe 0.6 Jcrn2 for P(100) and N(100), 0.45 Jcm for
. p(lll) silicon wafer in our photoacoustic experiment
which is quite consistent with the time-resolved reflectivity
measurement. Peercy and Wampler (1982) obtain a slightly
2
larger value of 0,8 jcm. Furthermore, we found, that the
value of the melting threshold is independent of the types
of dopings but depends on the crystaliographic orientations.
Above the melting threshold .and very close to the boiling
128
threshold, the amplitude of the compressional portion
of the longitudinal pulnen almost remain constant while
the rarefaction portion decreases in amplitude s the
energy densities of the incident laser beam increases.
At the boiling threshold, sudden increase in the
compression portion of the longitudinal pulse in observed
for both aluminium and silicon wafer. This enhancement
is due to the transfer of the momenta of the ejected
particles to the sample surface.
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